A new inter-disciplinary degree program has been developed at Lawrence Technological University: the Master of Science in Mechatronic Systems Engineering Degree (MS/MSE). It is one of a few MS-programs in mechatronics in the U.S.A. today.
INTRODUCTION AND PROBLEM FORMULATION
Automotive engineering was formed and shaped as an engineering discipline in the 20 th century. As we step into the 21 st century with global economic challenges, there is a need for developing fundamentally novel vehicle engineering technologies and for educating future generation of engineers. The current needs in automotive industry, financial, economic and labor situation in the international market necessitates new approaches to of higher education, in particular, developing new branches in engineering education such as mechatronic systems engineering, which has received decent attention in the last 30-35 years. Some major universities in the U.S.A., Europe, and Asia had been developing mechatronics-related courses and programs [1, 2, 3, 4, 5, 6, 7, 8, 9] . The content of courses and programs in mechatronics mostly formed spontaneously, depending on the instructor's experience. As a rule, mechatronics courses were initiated independently by professors in mechanical or electrical and computer engineering departments.
The balance of academic courses and degree programs in mechatronics has become established in universities. The introduction to mechatronics became a popular advanced course in the BSME curricula. Master of Science in Mechatronic Systems Engineering (MS/MSE) program opens up new horizons for BSME, BSEE and BSCE graduates and
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also for professionals with a BSMCS degree, who can be accepted in an MS/MSE program provided that they have sufficient practical experience in synthesising mechatronic systems. A degree in the MS/MSE program can be considered a solid addition to MSME, MSEE, MSCE and MSAE degrees.
The question of whether mechatronics should or should not be taught is no longer under discussion as mechatronics has established its place in engineering education. The integrative nature of mechatronics is no longer in doubt and is commonly accepted. Rather the principal questions currently under discussion are "What" and "How". These two questions have been deeply addressed at the Bachelor of Science level -there are many textbooks on Introduction to Mechatronics subject on the market [10, 11, 12, etc.] . However, the above-mentioned statement is not true for the Master of Science level. Indeed, it is impossible to teach a set of Master-courses using a single textbook on Intro to Mechatronics. The mechatronic system contains mechanical, electrical and electronic, computer and other components -all of them are of different physical nature and are the subjects of educational programs of their own. At the same time, structural and functional combination of these components into a mechatronic system should bring about a synergetic improvement of the quality of this system. The mechatronics education program, with its own set of core courses, teaches how such synergy in designing mechatronic systems can be attained. The components/courses of a mechatronics program should not be directly extracted from mechanical, electrical and computer engineering or from mathematics and computer science. The main point here is that those components cannot be exactly the same as in mechanical engineering and other programs.
Analysis of available textbooks, monographs and reference literature shows that questions of mechanical design of mechatronic systems require particular attention. There are very few books on the market on mechanical design aspects of mechatronic systems engineering [13, 14, 15] . They mostly reflect traditional problems of mathematical simulation of systems and of mechanical design. As our experience shows, mechanical design of mechatronic systems differs from the design of conventional mechanical systems in that the impact of the electronics and software on the mechanical elements must be taken into account. This lack of publications stems from the fact that the mechanical design of mechatronic systems is a relatively new area of study that was up to now not given the attention it deserves. This paper presents the authors' major findings in mechanical design for mechatronics incorporated in the MS curriculum in Mechatronic Systems Engineering program developed at Lawrence Technological University.
'MECHANICAL' COMPONENT IN THE MS / MSE PROGRAM CURRICULUM
The very first challenge that should be addressed in the curriculum development stems from the fact that not all the students who were admitted to the MS/MSE program have an appropriate background in general mechanical systems engineering. This mostly refers to graduates from BSEE, BSCE and BSMCS programs. Those students should take an appropriate BS-level course that introduces fundamentals of mechanical engineering. Such a pre-core course should be taken before the students start taking the core courses in the MS/MSE program. Fig. 1 illustrates the developed curriculum which includes pre-core, core, and elective courses. As seen, students who never took courses in mechanical design should learn the fundamentals by taking the EME4603 Intro to Mechanics. Also, the courses EME4613 Intro to Thermal Systems and EME3213 Intro to Mechatronics can be recommended depending on students' professional interest and concentration. For those students, who never took courses in controls, circuits and electronics, pre-core courses are available as shown in Fig. 1 . However, an analysis of various education and professional/work backgrounds of potential students shows that they should not take more than two pre-core courses. The main purpose of the pre-core courses is to prepare students to (i) take and understand advanced courses related to mechanical design for mechatronics and (see module 1 in Fig.1 ) (ii) take other courses in the program that relates to control and implementation (modules 2 and 3 in Fig. 1 ).
The developed MS/MSE program concentrates on (i) mechatronic systems engineering for conventional and autonomous/unmanned ground vehicles and also on (ii) mechatronics for industrial robotics. In recent years, traditional robotics has been experiencing significant transformation due to new areas of applications which, in their turn, require new emerging technologies. For example, such new robotics applications as automated inspection and automated surgery, food industry, laboratory automation, and also new growing areas in assembly and production line automation opened up by the agility approach in manufacturing -all this involved intelligent vision technology and different optoelectronic systems. Use of new types of technologies brought up new technical issues in designing mechatronic systems for robotics and vehicle engineering. The list of technical problems includes complex opticelectromechanical interaction in multi-domain mechatronic systems and embedded software development, reconfigurability of robots and vehicles, re-programmability and some intelligent features of mechatronic systems, isolation from aggressive environment, etc.
The implementation of new technologies and solving the above-listed problems resulted in a much longer list of subproblems in mechanical design of mechatronic systems that should be considered. There should be mentioned the following sub-problems: provide rapid start and stop and high speed motion with precise positioning at intense accelerations/decelerations, withstand large active forces under millions of load cycles and monitor the forces and the equipment robustness, etc. To solve these sub-problems requires not only precision components for the accuracy of motion and zero-backlash in transmissions (gears, ballscrews, etc.) and couplings, but also optimized inertia properties, torsional stiffness and damping properties distributed among the system components. These mechanical design features, together with application of light materials (carbon fiber for robot links, for instance) can provide the required torque capacity and vibration suppression in a mechatronic system, its functionality and operational performance.
The next questions that come out of the above-described are as follows: (i) which courses with new topics on mechanical design for mechatronics should be incorporated in the MS/ MSE curriculum and (ii) what would be the methods for teaching mechanical design. These issues were addressed in the MS/MSE program curriculum described below.
The mechanical design for mechatronics is considered as model-based design. This is very important due to a multidomain nature of mechatronic systems. The model-based mechanical design includes (i) performing math modeling of a system in motion (in broader sense, motion here means any processes, such as mechanical movements, electric and optic processes), (ii) conceptual and mechanical design and optimization of the system, and (iii) mechatronic system implementation. Let us consider all the steps.
Two courses in module 1 (Fig. 1) were developed and offered in order to address performance math modeling and mechanical design issues. The very first course MSE6113 (see Fig. 1 ) is concerned with the fundamentals in math modeling. This course is different from courses in systems dynamics which traditionally are either analytically strong with little applications to engineering fields or applied with little of the analytical materials needed to develop the analytical skills of students. The developed course sets out to balance both components by including topics such as inverse dynamics; programmable motion and the stability of mechatronic systems, and arranging the topics into a sequence of product modelling processes. This suggested composition of topics and the sequence of their presentation that determines the product orientation of this course since the sequence of presentation in this course is actually an innovative algorithmic sequence of an engineer's actions when synthesising a mathematical model of the mechatronic system under design. It should be emphasised here that the innovation in this algorithm precisely consists in modelling of mechatronic systems on the basis of inverse vehicle dynamics principles [16, 17, 18] . The use of these principles makes it possible, by means of mathematical modelling, to determine parameters of the system that would provide the vehicle system with the required programmable motion, the kinematic features of which were synthesised previously in this course when analysing the topic of inverse dynamics.
It is important to emphasize here that the course MSE6113 also introduces electromechanical modelling, which is also known as software-in-the-loop simulation. This is the very first step in such type of modelling which will be further advanced in the module 2 of the control courses (see Fig.1 ). When taking courses of the module 2, students understand the advantage of software-in-the-loop approach which does not require a physical prototype for the mechanical optimization and software validation process. The software products for such simulations are LabVIEW, MatLab and Simulink.
The topic of inverse dynamics is developed further in the course MSE6123, Mechanical Design of Mechatronic Systems/Robots. The first part of this course is concerned with vehicle operational properties and vehicle dynamics/ performance analysis in conjunction with vehicle mechanical system design for both autonomous and conventional ground vehicles and presents criteria for vehicle performance optimisation and vehicle system design. The second part of the course then considers mechanical engineering problems in industrial robots. Here, students learn the material on special topics of mechanical design for mechatronics that were discussed above.
Here is an example of the material of a special topic in mechanical design for mechatronics that aims to resolve the conflict between power losses due to friction in the mechanical subsystem and related control issues for mechatronic systems. This becomes an issue since the mechatronic system itself increases the power losses by introducing the electro-magnetic subsystem and power electronics. Usually, limited displacements in mechanical subsystems are realized by rolling or sliding friction connections (universal joints, tooth gears, wedge mechanisms of clamping devices, etc.). To reduce friction power loss in the mechanical subsystems with relative displacements of components at a limited magnitude (i.e., to reduce the total power losses in the mechatronic system, which increase due to introduction of the electro-magnetic subsystem and power electronics), the MSE6123 course presents new technological principles based on use of thin-layered rubber-metal laminates [19] . Such thin rubber layers between rigid supporting plates eliminate friction losses and thus enhance efficiency of the mechanical subsystem. On the other hand, this innovative approach to mechanical design for mechatronics facilitates control developments by eliminating backlash between components of the mechanical subsystem. Fig.2 gives examples of applications of rubber-metal laminates. Traditionally, model-based design approach is built at a system-level math models. One of the distinct features of the developed model-based design approach is that computer simulations also include component-level models. We consider this to be important for studying dynamic behaviour of multi-domain mechatronic systems. The learning process begins in the MSE6123 course with MSC.ADAMC software product and then will be advanced in the core courses on mechatronic systems implementation and in elective courses with the use of several other software products.
The two courses on the implementation of mechatronic systems (see the module 3 in Fig. 1 ) together with the elective courses actually complete the mechatronic system design. Here, students finish learning the design process of robotics and vehicle mechatronic systems in which mechanical, electrical and software subsystems are naturally co-exist in one mechatronic system. Mechanical design for mechatronics is presented here by different hydraulic and pneumatic mechatronic systems for robotics, and conventional and autonomous vehicle mechatronic system. Also, hardware-inthe-loop approach is being developed using LabVIEW-based equipment and LabVIEW Real-Time and FPGA capabilities. dSPACE software and hardware products make a significant contribution to the courses.
Students exercise analytic and design skills and gain handson experience through workshops, innovative homework and labs in the new Laboratory of Mechatronic Systems (with the value of the hardware and software of $692,000 provided by the Industry Advisory Board, see Fig.3 ). Students also do real-world design projects and work on open-ended design problems that force them to think about solving problems in the same way real design problems are solved.
Two thesis courses (Fig. 1) complete the program. However, part-time students who are heavily involved in research and engineering at their companies and also conducted several open-end engineering projects in the program often prefer to take technical elective courses in order to extend their knowledge to a particular field of mechatronics applications. Several unique elective courses were developed to apply mechanical and mechatronic modelling and design principles to vehicle systems. One of them is MSE6283 Autonomous Wheel Power Management Systems. The course deals with (i) dynamics, performance, and energy/fuel efficiency of vehicles with four and more drive wheels, and (ii) engineering of mechanical and mechatronic power dividing units (drivelines) which distribute power between the drive wheels [20] . Fundamental engineering problems includes how to investigate the effect of different driveline systems on the properties of vehicles and how to determined the optimal characteristics of the driveline system and its power-dividing units and design it for a specific vehicle in a manner that ensures a high level of vehicle dynamics, energy efficiency, and performance. The 4×4 Vehicle Chassis Dynamometer is one of the most significant components of this course and associated research activities. Kistler wheel sensors with control unit and National Instruments-based data acquisition systems are in use for experimental research (Fig. 4) .
Another elective course is MSE6293 Intelligent Tire and Reconfigurable Vehicle Mechatronics. The course presents Additionally to full-time faculty, there are (17) adjunct professors and guest lecturers from industry who bring real world engineering problems to the class. This makes courses product-oriented, in addition to their analytical part.
Course projects are open-end engineering projects, in which students do math modeling, develop controls, and design mechatronic systems. All courses are purposely scheduled at 5:45pm to accommodate working engineering students.
This paper mostly concentrated on some aspects of mechanical engineering in mechatronic systems design what was not presented in our publications before. A detailed description of other features of the MS/MSE program is given in [21] .
